Purpose: To map physiological gas exchange parameters using dissolved hyperpolarized (HP) 129 Xe in a rat model of regional radiation-induced lung injury (RILI) with spiral-IDEAL and the model of xenon exchange (MOXE). Results are compared to quantitative histology of pulmonary tissue and red blood cell (RBC) distribution. Methods: Two cohorts (n = 6 each) of age-matched rats were used. One was irradiated in the rightmedial lung, producing regional injury. Gas exchange was mapped 4 weeks postirradiation by imaging dissolved-phase HP 129 Xe using spiral-IDEAL at five gas exchange timepoints using a clinical 1.5 T scanner. Physiological lung parameters were extracted regionally on a voxel-wise basis using MOXE. Mean gas exchange parameters, specifically air-capillary barrier thickness (d) and hematocrit (HCT) in the right-medial lung were compared to the contralateral lung as well as nonirradiated control animals. Whole-lung spectroscopic analysis of gas exchange was also performed. Results: d was significantly increased (1.43 AE 0.12 lm from 1.07 AE 0.09 lm) and HCT was significantly decreased (17.2 AE 1.2% from 23.6 AE 1.9%) in the right-medial lung (i.e., irradiated region) compared to the contralateral lung of the irradiated rats. These changes were not observed in healthy controls. d and HCT correlated with histologically measured increases in pulmonary tissue heterogeneity (r = 0.77) and decreases in RBC distribution (r = 0.91), respectively. No changes were observed using whole-lung analysis. Conclusion: This work demonstrates the feasibility of mapping gas exchange using HP 129 Xe in an animal model of RILI 4 weeks postirradiation. Spatially resolved gas exchange mapping is sensitive to regional injury between cohorts that was undetected with whole-lung gas exchange analysis, in agreement with histology. Gas exchange mapping holds promise for assessing regional lung function in RILI and other pulmonary diseases.
INTRODUCTION
Cancers of the thorax typically receive thoracic radiotherapy (RT) as part of overall treatment. Dose prescriptions and the spatial distribution of radiation are tightly controlled to spare healthy lung tissue due to high lung radiosensitivity. 1, 2 Despite this, radiation-induced lung injury (RILI) remains a major limitation to treatment delivery. [3] [4] [5] [6] [7] [8] [9] [10] [11] The pathogenesis of RILI normally begins with an early response referred to as radiation pneumonitis (RP) occurring weeks/months following treatment. Hallmarks of RP typically involve damage to the epithelial layer of the alveolar wall, inflammation, and swelling of the lung interstitium, as well as damage to the lung vasculature. 3, [7] [8] [9] All of these are detrimental to gas exchange. Unfortunately, clinically manifest RP typically consists of nonspecific symptoms such as dry coughing, dyspnoea, and sometimes fever. 8, 9 However, if detected early, acute RP may be treatable. Interfraction changes to the treatment plan or administration of anti-inflammatory pharmaceuticals may minimize the development of RILI, without sacrificing RT efficacy. [12] [13] [14] [15] Early management of RP may also mitigate late stage, permanent fibrotic remodeling months/ years following RT, culminating in radiation fibrosis (RF). 10, 16 The development and severity of RILI depend on the delivered dose, volume of tissue irradiated, and pre-existing pulmonary dysfunction prior to RT, among various other factors, making prediction difficult. 17, 18 When planning RT, estimates of cumulative dose to healthy tissue, such as a dose-volume histogram, are used to minimize the likelihood of developing RILI. However, these have varying levels of prognostic power. 5, 6, 8, [19] [20] [21] [22] Pulmonary function tests (PFTs) may be used to monitor lung function during and after treatment. However, PFTs lack regional information, are effort dependent, and may only moderately reflect the presence and severity of RILI. 5, 6, 9, 23, 24 Medical imaging is also used for regional detection of RILI, 25, 26 with computed tomography (CT) being the most widely implemented. However, abnormalities associated with changes in tissue radiodensity are typically only detectable several months after completion of treatment, once significant structural changes have manifested. 27, 28 Distinguishing RILI from recurrent cancer and infection is also problematic. 8 Magnetic resonance imaging (MRI) with hyperpolarized (HP) 129 Xe has been shown to be useful for structural and functional imaging of a variety of lung diseases [29] [30] [31] (e.g., cystic fibrosis, CF; asthma; chronic obstructive pulmonary disorder, COPD; and idiopathic pulmonary fibrosis, IPF), including RILI. [32] [33] [34] [35] The solubility of xenon in tissues (e.g., lung parenchyma, blood plasma, red blood cells; RBCs) and the associated compartmental chemical shifts allow for discrimination of 129 Xe signals inside these environments. 36, 37 This permits the measurement of gas exchange using MRI by manipulating the timing of acquisitions after radiofrequency saturation, for example using chemical shift saturation recovery (CSSR) techniques. 38 These approaches hold promise for the detection of early functional changes in the terminal airways which may precede macroscopic anatomical or ventilatory changes. CSSR has been shown to be sensitive to the early functional changes associated with RILI in animals. 39, 40 However, these studies employed whole-thorax irradiations and global spectroscopic analysis, eliminating any regional information in both the disease model and detection method. Regional analysis of gas exchange is possible by imaging the dissolved phases of 129 Xe. However, this is challenging due to the small amount of xenon dissolved in the various lung tissues at a given instant (~2%) and the short T Ã 2 of dissolved 129 Xe (~2 ms at 1.5 T). Recently, a technique has been developed combining rapid spiral readout and iterative decomposition of water and fat with echo asymmetry and least squares estimation (IDEAL) chemical shift encoding to overcome these challenges. 41, 42 Regional differences in gas exchange were demonstrated in rats after hemithoracic irradiation (entire right lung) using this spiral-IDEAL imaging approach, but these changes were observed entirely between the left and right lungs only. 43 A limitation of the previously mentioned studies is that whole and hemithoracic irradiation models may exacerbate injury due to the large volume of tissue irradiated. 44, 45 Such irradiations may also introduce uncontrolled cardiac damage, potentially confounding measurements of gas exchange to the blood if cardiac function is affected. 46, 47 Furthermore, these studies did not compare imaging results with histological distribution of RBCs postirradiation.
A recent study by our group introduced a new partial-lung irradiation rat model that was imaged at 4 weeks postirradiation. 48 The model involved focal irradiation of the right-medial lung only, thereby localizing injury to a specific known region using on-board image guidance. This irradiation model is advantageous compared to whole or hemithoracic irradiation because adjacent organs (e.g., heart, diaphragm) are avoided such that any measured changes can be confidently attributed to pulmonary injury, minimizing confounding sources of signal change. This irradiation scheme more closely mimics a clinical distribution of dose than whole or hemithoracic irradiations and limits compounding of damage and systemic pulmonary dysfunction due to the small volume of tissue irradiated. In our previous study, RILI was detected using two-dimensional chemical shift imaging (2DCSI). 48 Asymmetric changes in tissue signal intensity, tissue signal heterogeneity, and RBC signal heterogeneity were observed between the right and left lungs. These changes were in agreement with histology, involving segmentation of pulmonary tissue and RBC distribution in the lungs postirradiation. Additionally, RBC signal heterogeneity was negatively correlated with RBC distribution in the lungs. However, detection was limited to global measurements of changes in symmetry (right versus left lung ratios). Distinct, focal changes were not detected, presumably due to partial volume averaging because of the low spatial resolution of 2DCSI. Furthermore, imaging was only performed at a single, intermediate gas exchange timepoint (180 ms) and therefore did not include temporal evaluation of gas exchange which may reveal critical information about the underlying changes to lung physiology.
To improve upon these shortcomings, we analyze HP 129 Xe spiral-IDEAL images acquired in the same rat cohort using the same partial-lung model of RILI, 48 to extend the work to physiological gas exchange mapping based on fully spatial, spectral, and temporally resolved imaging. Gas exchange modeling of the spiral-IDEAL images is performed on a voxel-by-voxel basis using the Model of Xenon Exchange (MOXE) 49 and regional lung parameter estimates which govern gas exchange are extracted. Physiological gas exchange maps are also compared to whole-lung spectroscopy data analyzed using MOXE. These results are evaluated alongside quantitative histology of both pulmonary tissue and RBC distribution postirradiation.
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MATERIALS AND METHODS

2.A. Animal preparation and irradiation
All experiments were approved by the Animal Care Committee at University Health Network following Canadian Council on Animal Care (CCAC) guidelines. Two agematched cohorts of male Sprague-Dawley rats (Charles River Laboratories, Saint-Constant, QC, Canada) were used. One cohort was used as nonirradiated controls. The other cohort was irradiated with 20 Gy using a 1 9 1 cm 2 collimated beam targeting the right-medial lung as previously described.
48 Figure 1 illustrates a representative treatment plan. Each cohort included six animals. Four weeks postirradiation, the animals were prepared and ventilated for MRI as described previously. 50 Briefly, the rats were anesthetized by intravenous administration of a 10:1 mixture of propofol and ketamine at a rate of 45-60 mg/kg/h and tracheotomized. The rats were ventilated at a rate of 60 breaths/min for air and 30 breaths/min for xenon, with a tidal volume of 8 mL/kg.
2.B. MR acquisition
Imaging was performed using a whole-body 1.5 T scanner (Signa HDxt, GEHC, Waukesha, WI, USA) and a transmit/ receive birdcage rat coil (Morris Instruments, Ottawa, ON, Canada). Hyperpolarized isotopically enriched xenon gas (~86% 129 Xe) was produced using a commercially available polarizer (Model 9800, Polarean, Durham, NC, USA) yielding approximately 15% polarization. Heart rate and oxygen saturation were monitored with a small animal pulse oximetry system (Model 1030, SA Instruments Inc., Stony Brook, NY, USA). Rats were imaged supine during a breath-hold (2-10 s depending on gas exchange time) following four pre-breaths of 129 Xe. Medical air was used throughout the imaging experiment with supplemental O 2 administered sparingly (1-2 min) if oxygen saturation did not quickly return to baseline after completion of the breath-hold. Spiral-IDEAL imaging was used as described previously. 42 The imaging sequence consisted of a single-shot spiral k-space trajectory for spatial encoding (2D coronal projection), and four-point IDEAL for chemical shift encoding. An additional acquisition with the imaging gradients nulled was performed to acquire the unencoded free-induction decay (FID) for whole-lung spectroscopic analysis. Thus, a single set of scans consisted of five pulse-acquisitions: one FID and four spiral readouts with shifted echo times (TE) to facilitate IDEAL decomposition. The optimal TE shift (DTE) was estimated using the number of signal average (NSA) simulation and determined to be 700 ls for the three chemical species at 1.5 T (gas = À3473 Hz, tissue = 0 Hz, RBC = +265 Hz, relative to transmit frequency centered on tissue resonance). Thus, the TE shifts used in this sequence were TE m = m 9 DTE (m = 0,1,2,3). A frequency-selective hard pulse (288 ls) was used to saturate the dissolved phases of 129 Xe while minimizing excitation of the gas phase. The transmitted flip angle was calibrated to 90°using a thermally polarized phantom. The flip angle at the gas phase (À3473 Hz) was then modeled for flip angle correction (~0.17°). At the beginning of each breath-hold four radiofrequency pulses were used to ensure saturation of longitudinal magnetization before imaging. The imaging parameters were: FOV = 5 9 5 cm 2 , Cartesian matrix = 12 9 12, BW = 125 kHz, spiral data points = 832. The spectroscopy parameters were: BW = 125 kHz and spectral data points = 2048. Both imaging and spectroscopy acquisitions were excited with the same radiofrequency pulse. The imaging acquisition was repeated several times within a breath-hold, generating multiple averages. To sensitize signals to gas exchange, images were acquired at five repetition times (TR): 34, 50, 75, 150, and 300 ms, using separate breath-holds for each TR. For each breath-hold, the number of averages acquired for a given TR varied depending on the length of the TR in order to maintain sufficient signal-to-noise ratio (SNR) across all timepoints. This was done because measurable dissolved signal increases with increasing TR due to replenishment from the gas phase, thus fewer averages were needed at longer TRs. The number of averages for each TR (34, 50, 75, 150 , 300 ms) were 12, 9, 9, 7, and 6, respectively.
2.C. Whole-lung spectroscopy analysis
Reconstruction and analysis were performed in MATLAB (MathWorks, Natick, MA). FIDs were down-sampled to a bandwidth of AE 7.8 kHz, Gaussian filtered, Fourier transformed, and fit to Lorentzian lineshapes extracting the compartmental amplitudes, center frequencies, half-widths, and phases. These were used to phase-correct and extract compartmental T Ã 2 as previously described. 51 Compartmental signal amplitudes were corrected for T between the gas and dissolved resonances to properly scale the spectra. The signals within the full width at half maximum were numerically integrated for each spectral compartment. Integrated tissue and RBC signals were then normalized by integrated gas-phase signal and plotted as a function of TR creating gas exchange curves. Tissue and RBC gas exchange curves were then simultaneously fit to MOXE to extract whole-lung gas exchange parameters. 49 The fit parameters governing gas exchange that were extracted using MOXE were: the signal normalization constant (b), the alveolar barrier-to-septum ratio (d/d), the gas exchange time constant (T), the fraction of 129 Xe in the blood dissolved in RBCs (g), and the capillary transit time (t x ). Measurements that were calculated from the aforementioned fit parameters were: the alveolar septal thickness (d), the air-capillary barrier thickness (d), the blood hematocrit (HCT), and the alveolar surface area-to-volume ratio (SVR). For gas exchange modeling, the following constants were assumed: diffusion coefficient of xenon dissolved in lung tissue (D = 3.3 9 10 À10 m 2 /s), 52 Ostwald solubilities of xenon in lung tissue (k = 0.2), in plasma (k P = 0.09), and in RBCs (k RBC = 0.19). 53 The MOXE sum of series was truncated after 12 summations.
2.D. Spiral-IDEAL analysis
Spiral-IDEAL images were reconstructed as previously described 41, 54, 55 incorporating T 2 * correction measured spectroscopically (described above) for each echo delay. Images were interpolated to a matrix size of 128 9 128 during reconstruction. Reconstructed images were corrected for flip angle differences between gas and dissolved resonances and then normalized by dividing the tissue and RBC images by the gas images on a voxel-wise basis for each timepoint. The normalized tissue and RBC images were then segmented to extract the respective lung regions using region of interest (ROI) masks that were drawn on gas-phase images to exclude signal from the heart and great vessels as much as possible. MOXE was simultaneously fit to the tissue and RBC gas exchange curves on a voxel-by-voxel basis. Quantitative physiological lung parameters were extracted for each voxel creating physiological parameter maps. To examine gas exchange parameters specifically in the vicinity of irradiation, the rightmedial portion of the lung was segmented by drawing another ROI on the right-medial region of the images using the HCT maps for both irradiated and nonirradiated groups. These were used because differences in the right-medial lung were most qualitatively apparent on HCT maps and were used to guide segmentation for the other parameters. Likewise, a portion of the right-medial lung of the nonirradiated animals was segmented to be consistent with the segmentation of irradiated animals. Similarly, a portion of the leftmedial lung was also segmented for contralateral comparison. These masks were then used to segment the selected rightand left-medial lung regions from all parameter maps. Average values in each ROI for all parameters maps were calculated for each rat and compared.
2.E. Histology
Immediately following imaging, each rat was euthanized with sodium pentobarbital (Euthanyl Forte, Bimeda-MTC, Cambridge, ON, Canada) and the lungs were extracted with major vessels ligated to retain blood. The extracted lungs were fixed, separated into left and right and embedded in paraffin. Five micron thick sections were taken from the middle of the right and left lungs in the coronal plane and stained with hematoxylin and eosin (H&E). These sections were digitized using a bright-field scanner (Pannoramic 250 Flash II, 3DHistech, Budapest, Hungary). Twenty-five uniformly distributed micrographs were taken from the medial portion of both the right and left lungs in Pannoramic Viewer (3DHistech, Budapest, Hungary) at 20 9 magnification (865 9 600 lm 2 ), avoiding major blood vessels or airways. To quantify the relative amounts of pulmonary tissue and RBCs in each micrograph, the images were segmented into three compartments (airspace, pulmonary tissue, RBCs) in MATLAB. Micrographs were segmented using a k-means clustering algorithm based on color in a manner similar to a previously described study. 56 For a given micrograph, the number of pixels within the tissue and RBC clusters was divided by the total number of image pixels to compute measurements of percent tissue area (PTA) and percent RBC area (PRA), representing measurements of the relative tissue and RBC distributions respectively. 57 For each rat, the mean AE standard deviation of both PTA and PRA were computed from the 25 micrographs acquired from the right-and left-medial lungs. The coefficient of variation was calculated to assess the overall heterogeneity of tissue and RBC distributions (c v,PTA and c v,PRA , respectively) for each rat. The calculated right-and left-medial PTA, PRA, c v,PTA, and c v,PRA for all analyzed rats were then compared within and between groups. Histology preparation and micrograph segmentation have been previously described in detail. 48 
2.F. Statistical analysis
Statistical analysis was performed in Prism (GraphPad Software, La Jolla, CA, USA). The aggregated rat data for each MOXE parameter as estimated using whole-lung spectroscopy were compared between cohorts using multiple t-tests with correction for multiple comparisons (Holm-Sidak). For spiral-IDEAL and histology results, two-way ANOVA with Tukey's multiple comparison were used to compare calculated results between lungs and cohorts to investigate any regional and cohort-wide changes. Pearson correlation was used to examine the relationship between imaging and histology results. All tests were performed with a 95% confidence interval.
RESULTS
3.A. MRI
Representative whole-lung spectra and the associated gas exchange curves from a nonirradiated rat are shown in Fig. 2 .
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Tissue and RBC images were in spatial agreement with gas images indicating good decomposition of the associated chemical shifts using IDEAL. Table I summarizes the results of MOXE gas exchange analysis. The fit parameter of barrierto-septum ratio (d/d) was significantly increased in the irradiated right-medial lung compared to the contralateral lung (P < 0.001) and to right-medial and left-medial lungs of the nonirradiated cohort (P < 0.05 and P = 0.001, respectively). Similarly, the fraction of 129 Xe in the blood dissolved in RBCs (g) was significantly decreased in the irradiated rightmedial lung compared to the contralateral lung (P < 0.01) and the left-medial lung of the nonirradiated cohort (P < 0.05). Alveolar air-capillary barrier thickness (d) and blood hematocrit (HCT) were calculated from the fit parameters d/d and g respectively. 49 Maps of d and HCT for nonirradiated and irradiated rats are shown in Fig. 4 . Example segmentation is illustrated in Fig. 5 . Maps of d tended to exhibit some degree of heterogeneity, with regions of increased thickness appearing localized to the basal and apical regions of the left lungs in both irradiated and nonirradiated animals. Nevertheless, d was significantly increased in the irradiated right-medial lung compared to both the contralateral lung in the irradiated cohort (1.43 AE 0.12 lm and 1.07 AE 0.09 lm, respectively, P < 0.0001) as well as the right-medial lung of nonirradiated rats (1.43 AE 0.12 lm and 1.19 AE 0.4 lm, respectively, P < 0.01). Individual HCT maps were significantly less variable than d maps. HCT was significantly decreased in the irradiated right-medial lung compared to the contralateral lung in the irradiated cohort (17.2 AE 1.2% and 23.6 AE 1.9%, respectively, P < 0.01). However, this decrease was not significantly different when compared to the right-medial lung of nonirradiated animals, although it did approach significance (17.2 AE 1.2% and 21.1 AE 3.1%, respectively, P = 0.096). On the other hand, this difference was significant between the right-medial lungs of irradiated animals and left-medial lungs of nonirradiated animals (17.2 AE 1.2% and 21.7 AE 3.7% respectively, P < 0.05). With regard to whole-lung spectroscopy, no MOXE parameter was observed to be significantly different between groups. These results are summarized in Fig. 5 . Figure 6 shows representative histology from an irradiated animal illustrating the typical injury after irradiation. Figure 7 shows representative histology from both a nonirradiated and irradiated rat as well as examples of micrograph segmentation. Radiation damage to the right-medial lung is readily observable. The irradiated lung sections were characterized by a sharply demarcated reduction in RBC distribution in the vicinity of irradiation. Quantitative results of histological analysis are summarized in Table II . PRA was observed to be significantly decreased in the right lung of the irradiated cohort compared to the contralateral lung (1.2 AE 0.8% and 12.0 AE 8.3%, P < 0.01). Although PRA in the right-medial lung of the irradiated cohort tended to be decreased compared to the right-and left-medial lungs of the nonirradiated cohort, no significant differences were present between cohorts. The measured PRA varied considerably in the healthy cohorts. A trend of increasing PRA in the left lungs of the irradiated rats compared to nonirradiated animals was observed, though this was not significant. Evidence of tissue thickening due to inflammation was also observed, though to a lesser extent. PTA was more variable in both lungs of the irradiated cohort. PTA in the right-medial lung was slightly increased as a result of irradiation but this was not significant overall. The injury to the pulmonary tissue was heterogeneously distributed, with multiple distinct foci of inflammation observed within the beam portal. As a consequence, the heterogeneity of tissue distribution (c v,PTA ) in the right-medial lung of irradiated animals was observed to be very significantly increased compared to the contralateral lungs (34.7 AE 5.6% and 9.9 AE 2.1%, respectively, P < 0.0001), as well as the right-medial lungs of the nonirradiated cohort (34.7 AE 5.6% and 10.5 AE 1.7%, respectively, P < 0.0001). A similar increase in c v,PRA was observed between right-medial and contralateral lungs of the irradiated cohort (82.3 AE 23.0% and 28.3 AE 8.0%, respectively, P < 0.0001), as well as the right-medial lungs of the nonirradiated cohort (82.3 AE 23.0% and 41.2 AE 5.6%, respectively, 
3.B. Histology
DISCUSSION
This study demonstrates the potential of spiral-IDEAL to map physiological gas exchange on a voxel-by-voxel basis using MOXE in a partial-lung irradiation rat model of RILI. Focal radiation injury in the right-medial lung was detected using dissolved-phase HP 129 Xe MRI by mapping measured gas exchange curves and fitting to a compartmental model (MOXE) yielding estimates of lung physiology which differed from the contralateral lung as well as the lungs of nonirradiated rats, and correlated with quantitative histology. To our knowledge this represents the first time fully spatial, spectral, and temporally resolved imaging of dissolved HP 129 Xe uptake has been quantified and analyzed on a voxel-wise basis yielding maps of lung physiology governing gas exchange. Estimates of MOXE parameters from spiral-IDEAL gas exchange mapping and whole-lung spectroscopy in the healthy cohort were in reasonable agreement with one another (where no differences would be expected) as well as with previous work. 40 HCT was observed to be significantly reduced in the region of irradiation compared to a similar region of the contralateral lung. This is in agreement with a previous preclinical RILI study in rats by Li et al. 40 where similar decreases in HCT were observed with whole-lung spectroscopic gas exchange analysis 3 months after whole-thorax irradiation. Similarly, Doganay et al. 43 measured reduced relative blood volume in the entire irradiated right lung 2 weeks after hemithoracic irradiation with spiral-IDEAL using a different gas exchange model. However, the decrease in HCT in this study was not statistically significant when compared to the right-medial lung of nonirradiated animals, though there was a trend toward significance (P = 0.096). However, a significant difference was observed between the right-medial lungs of the irradiated cohort and left-medial lungs of the nonirradiated cohort (P < 0.05). Since no statistical difference was measured (or expected) between the right and left lungs of the nonirradiated animals and because the measured decreases were small in magnitude compared to healthy values, it is likely the study is statistically underpowered. Inclusion of a greater number of experimental animals should lead to a more significant difference between the right lungs of the cohorts. Histology revealed significant decreases in RBC distribution in the right-medial lung of irradiated rats compared to the contralateral lung, though once again no statistical differences were detected between cohorts. Despite this, HCT and PRA measured in the right-medial lung were observed to be highly correlated, suggesting that dissolved phase 129 Xe gas exchange mapping is sensitive to the spatial distribution of RBCs in the vasculature and reflects changes in perfusion associated with injury. While measurements of PRA revealed decreased amounts of RBCs in the radiation field, the source of this reduction requires further histological investigation. Staining for vessel endothelium may provide insight into the damage to the lung vasculature. Reduced perfusion could be due to vessel occlusion, vessel destruction, redistribution of TABLE I. MOXE gas exchange parameters extracted from the right-and left-medial lungs using spiral-IDEAL and whole-lung spectroscopy in irradiated and nonirradiated rat cohorts. blood to other areas of the lungs due to increased vascular resistance, or a combination thereof. [58] [59] [60] [61] Some evidence of compensatory increases in perfusion (i.e., increased PRA) were observed histologically in the regions of the irradiated lung outside the irradiated region in the irradiated cohort (P = 0.059) compared to the nonirradiated cohort. These were localized to the apical and basal regions of the right lung [above and below the dashed lines in Fig. 6(b) ]. 48 Additionally, PRA in the left-medial lung of the irradiated animals tended to be slightly increased compared to healthy controls (P = 0.066) and highly variable. HCT correlated with PRA in the left-medial lung, suggesting spiral-IDEAL gas exchange mapping may be sensitive to compensatory increases contralaterally after irradiation. The HCT-PRA slopes were also observed to be significantly different between lungs (P < 0.01) suggesting different mechanisms governing the changes in blood observed between the left and right lungs.
Although PRA significantly decreased in the irradiated regions, overall PTA from the right-medial lung was only slightly increased in the irradiated rats, presumably due to the heterogeneous nature of injury to the tissue within the irradiated region. The heterogeneity of this injury often occurs at length scales that are smaller than the spatial resolution of the imaging sequence used, thereby partly obscuring damage to tissue through partial-volume effects. This likely contributed to the observation that measurements of gas transfer time (T) and alveolar septal thickness (d) were not significantly different between cohorts even though some tissue thickening was observed histologically. This is unexpected since previous studies have reported increased transfer times as well as increased septal thicknesses. 39, 40, 43 However, the manifestation of injury across all studies is likely to be different due to differences in the doses used, incubation periods, and lung volumes irradiated which may be partly responsible for any discrepancies. Air-capillary barrier thickness was observed to increase in the irradiated cohort. It is possible to have increased barrier thickness without changes in average alveolar septal thickness because MOXE considers the septum of length d, to be composed of a blood vessel bookended by two equally sized tissue barriers of length d. Thus, increases in barrier thickness may be present in the absence of significant changes in overall septal thickness, if capillary sizes also decrease as a result of injury. Moreover, the barrier-to-septum ratio is typically small (d/d~0.1 in healthy rats). Thus, increases in d such as those measured here, although significant, were small relative to measured septal thickness and may not contribute to statistically large changes in d, even if vessel thickness remains unchanged. Unfortunately, investigating these changes in tissue morphology was beyond the spatial resolution of the histology performed. In the future, higher resolution optical microscopy and possibly electron microscopy could help reveal such changes. Even so, increased d measured with imaging corroborated by increases in and correlation with tissue heterogeneity (c v,PTA ) in the irradiated region indicate that spiral-IDEAL gas exchange mapping is sensitive to parenchymal injury associated with irradiation.
Although the partial-lung model used here represents an improvement over whole or hemithoracic irradiations used previously, there are still advances that may be made to more closely simulate clinical plans (e.g., lower dose, multiple fractions). The 20 Gy, 4-week plan used here was chosen based on histological analysis of pilot data involving several combinations of dose and incubation periods. The chosen plan suggested a reasonable compromise between incubation period postirradiation and producing quantifiable injury that we were confident could be measurable using both dissolved HP 129 Xe MRI and histology. 48 Although the effects of RILI have been measured as early as 2 weeks postirradiation, 39, 43 the timepoint used here (4 weeks) may not be directly comparable due to differences in the irradiation plans as discussed earlier. Future studies could implement imaging at earlier, or several varying timepoints postirradiation to observe the progression of injury using spiral-IDEAL.
Compared to our previous study in which we acquired data from the same rat cohort, the observed changes in this present study were localized to the irradiated area, indicating an improvement in detection over the global right-to-left lung analysis used in the earlier work. While sensitive to overall pulmonary tissue and RBC compartment changes between cohorts, the asymmetry ratios previously used represent whole-lung, semiquantitative snapshots of dysfunctional gas exchange due to injury. The addition of the temporal evolution of 129 Xe uptake in this study allows for detection of more subtle functional damage. This is most obviously apparent in the HCT maps. Focal reductions in HCT were detected in irradiated rats in contrast to our previous study using 2DCSI which detected no significant differences in overall RBC signal intensity, only in the heterogeneity of these signals. 48 This highlights the advantage of temporal gas exchange data alongside spatial and spectral information. Furthermore, both d and HCT correlated better with histology in this work, than asymmetry measurements in our previous study, suggesting improved estimation of underlying physiological changes resulting from injury. Nevertheless, both single timepoint 2DCSI from our previous work and spiral-IDEAL gas exchange mapping demonstrated differences between cohorts which were not demonstrated with whole-lung spectroscopic analysis, underlining the importance of spatial information in the study of regionally focused injury.
The quantitative accuracy of the MOXE maps generated in this study could be improved with a greater number of sampled gas exchange timepoints. However, the nesting of parameters between tissue and RBC signal equations imposes additional constraints on the complexity of the system, improving the robustness of MOXE even with a low number of samples. 49, 51 Even if absolute quantitative accuracy of the extracted physiology is limited, this work revealed that there was a large enough relative difference between injured and healthy tissue (localized to the irradiated region) such that pathology could be detected and investigated. Quantitative accuracy could also be improved with better estimation of compartmental flip angles. MOXE requires knowledge of the transmitted flip angle to properly scale signal strengths. In this study, global estimation of flip angle as a function of frequency using simulation was used. This could be the reason extracted SVR values are lower than expected from the literature, 62 since SVR is calculated from the MOXE normalization constant b. In the future, mapping of flip angle will help improve estimation of the actual transmitted flip angle at each resonance. Additionally for voxel-wise gas exchange mapping, knowledge of the spatial variation of flip angle will help improve analysis of gas exchange curves at each voxel location, increasing the accuracy of extracted physiological information. Furthermore, increased 129 Xe polarization and advances in pulse sequences which yield increases in image quality and greater SNR should allow for increased quantitative accuracy of extracted parameters and improved homogeneity of parameter maps.
This work demonstrates that voxel-by-voxel gas exchange mapping of the lung is feasible using spiral-IDEAL in rats with clinical hardware. Previous work benefitted from dedicated high-performance animal gradient coils. 42, 43 However, due to hardware limitations (length of readout, spoiling of transverse magnetization, and gradient cool-down), the fastest that a single pulse-acquisition could be performed in this study was limited to 34 ms. This is reflected by the first measured timepoint being 34 ms following saturation. Nevertheless, the measured gas exchange time constants (T = 44.5 AE 3.6 ms across all animals) suggest the initial exponential uptake part of the curve is sampled sufficiently early. Fortunately, it is unlikely that this would have a large effect on estimates of HCT because the fit parameter g, from which HCT is calculated, is principally determined from the later, saturated part of the exchange curve (> 200 ms) 51 and likely explains the increased homogeneity of HCT maps compared to d maps.
The in-plane spatial resolution in this study was limited to 4.2 9 4.2 mm 2 . This likely contributed to partial-volume effects which may obscure regions of very spatially heterogeneous injury (as discussed above) or regions bordering the radiation field (1 9 1 cm 2 collimated beam), blurring the demarcation between injured and healthy tissue. Improved inplane sampling of k-space will increase resolution and improve the parameter maps. For the single-shot spiral readout used, this would lengthen the acquisition contributing to increased signal decay and T 2 * blurring. Gradient hardware improvements and interleaved spiral acquisitions should help address these concerns. Similarly, partial-volume effects in the through-plane direction were expected from the coronal projections used. However, the design of the irradiation scheme minimized this because the dose was delivered through the coronal plane from two opposing directions (10 Gy anteriorposterior, 10 Gy posterior-anterior). This ensured a relatively uniform dose profile in the coronal direction, confined to the collimated boundaries of the field in the axial and sagittal directions. Therefore, through-plane obscuring of injury was minimized. However, 3D acquisitions (e.g., stack of spirals) could be readily incorporated in future experiments.
Due to the localization of injury to a known region in the lung in this model, it was relatively simple to choose ROIs in the right-medial lung where injury had occurred. However, there is still some subjectivity in the choice of these ROIs as they may not fully correspond to the entire irradiated area or regions analyzed histologically. Future work will benefit from registration of the treatment plan to the dissolved images to accurately know the spatial distribution of radiation. Additionally, semi-automated methods for analyzing lung ventilation images have been proposed which assist in removing observer bias for accurate and repeatable quantification. 63, 64 These methods have seen some translation into dissolved-phase 129 Xe imaging. 65 Future studies will undoubtedly benefit from the incorporation of such techniques, especially in the case of very spatially heterogeneous disease where the location of injury may not be obvious, or clinical treatment plans where radiation distribution will vary from patient to patient.
Dissolved-phase HP 129 Xe has shown clinical feasibility in healthy subjects as well as patients with a variety of pulmonary diseases (e.g., asthma, IPF, and COPD). [65] [66] [67] [68] [69] [70] [71] Recently, a case report applying HP 129 Xe imaging to a RT patient pre-and posttherapy has indicated clinical potential. 72 These studies typically use radial encoding schemes and single-point Dixon or hierarchical IDEAL decomposition. Unlike the present preclinical study, clinical studies are typically limited to single breath-holds achievable by patients, requiring the gas exchange curve to be sampled within the breath-hold interval. As a result, clinical imaging of dissolved HP 129 Xe is typically limited to a single gas exchange timepoint representing the static spatial distribution of dissolved 129 Xe. Dynamic data carry important functional information Medical Physics, 45 (2), February 2018 that may be clinically useful in the investigation of RILI and other pulmonary diseases. Spiral-IDEAL is a suitable candidate for clinical translation because of the efficiency with which k-space is sampled, resulting in fewer required excitations and reduction of the total acquisition time. These reductions can be traded for the sampling of additional temporal data by interleaving acquisitions at different gas exchange times, efficiently using inhaled gas within the constraints of a clinical breath-hold. Furthermore, if 3D spiral-IDEAL is implemented in a stack of spirals fashion with Cartesian phase encoding in the z-direction, the spatial resolution in the in-plane and through-plane directions are decoupled. Therefore, spatial resolution in the z-direction can also be traded for temporal sampling. Physiological gas exchange modeling of lung function using HP 129 Xe could be a powerful tool in the clinical management of RILI.
CONCLUSION
In this work, regional detection of RILI using quantitative gas exchange mapping of dissolved hyperpolarized 129 Xe is demonstrated in a rat model involving partial-lung irradiation. This was done with the spiral-IDEAL imaging sequence and MOXE. Increased air-capillary barrier thickness and decreased blood hematocrit were observed in the region of irradiation, consistent with quantitative histology of pulmonary tissue and RBC distribution. These results demonstrate that physiological gas exchange mapping in rats using hyperpolarized 129 Xe and a clinical MRI system is feasible and holds promise as a tool for the investigation of RILI in human RT patients.
